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Abstract 
The aim of this study is to reveal failure mechanisms of volcanic slopes in cold regions and to propose a prediction method on the 
failure. To achieve the purposes of this study, a full scale-embankment and -cut slope, which was 5 m in height, 12 m and 4 m in 
length and the angle of 45 degree, were constructed. A typical volcanic soil in Hokkaido as soil material was adopted. After the 
constructions of embankment and cut slope, the changes in soil moisture, temperature, pore pressure in the embankment and the 
cut slope were investigated using monitoring devices such as soil moisture meters and so on. Simultaneously, a series of model 
tests was performed on small size slopes constructed by the same soil material and compaction conditions as that in the real field. 
In consideration of the results of model test and field monitoring, it was found that the slope failures can be uniquely assessed by 
the changes in water content in zones subjected to rainfall and freeze-thaw actions. 
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1. Introduction  
In Hokkaido Japan, there are over forty Quaternary volcanoes, and pyroclastic materials cover over 40 % of these 
areas. The volcanic soils have been utilized as useful construction materials, especially man-made earth structures 
(embankments and cut slopes, etc.). However, rainfall-induced failures of natural and artificial slopes such as cut 
slopes or embankments, which are subjected to freezing and thawing, have been frequently reported in Hokkaido. In 
particular, many cases of slope failures mainly occur from spring to summer season1,2. Examples include the slope 
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Fig. 1 Location of embankment and cut slope                                                              Fig .2 The whole view of apparatus 
failure of embankments on the Nakayama mountain pass in Route 230 due to snow-thawing water in the spring of 
2012 and 20133.  
A significant amount of research has been conducted on the mechanisms of slope failure induced by rainfall in 
warm regions. On the other hand, although geotechnical problems due to frost-heaving and thawing action have been 
similarly reported in a number of studies (e.g.,4), in-situ experimental and analytical studies on slope stability due to 
the freezing and thawing sequence have been rather limited (e.g.,5). In this study, failure mechanisms of volcanic 
slopes in cold regions such as Hokkaido are clarified, additionally a prediction method on surface failure is proposed 
based on the consideration of model test results and field monitoring. 
2. Test materials and model test procedures 
A volcanic soil which was sampled from the Shikotsu caldera in Hokkaido was used in this study. The sampling 
site is shown in Fig.1. This sample is hereafter referred to as Komaoka volcanic soil (flow deposits, the notation is 
Spfl). Index properties of the sample are shown in Table 1 with those of Toyoura sand. As shown in Table 1, for 
example the fine content of embankment is 26 % ~ 31 %. Physical properties at the depth of 0 cm ~ 60 cm for cut 
slope differ from that of embankment. The details of Komaoka volcanic soil was described by6.  
Figure 2 depicts the whole view of the apparatus used in rainfall testing. The soil container was 2,000 mm in 
length, 700 mm in depth and 600 mm in width. The compaction curves of Komaoka volcanic soil were also obtained 
by the A-c method of JGS7 and by a tamping method for model tests8 as shown in Fig. 3. In the consideration of the 
result, model slopes were constructed by tamping the volcanic soil to the degree of compaction, Dc of 85% (the 
desired dry density is Ud =0.9 g/cm3 for the maximum value of Ud =1.059 g/cm3) where constituent particles were not 
broken by tamping under the initial water content. To elucidate the changes in mechanical behavior due to the 
difference in the initial water content, three kinds of water content w0 =34 %, 38 % and 43 % were adopted. A slope 
surface was carefully cut to the angle of 45o using a straight edge to eliminate surface disturbance. After the model 
slope was constructed, the slope surface was frozen with dry ice over 8 hours and then thawed at 20 oC (over a 
thawing period of 8 hours) for the case with freeze-thaw action. According to this procedure, the frozen layer of 
around 30 mm in thickness was formed in the model slope. The changes in temperature (T1 ~ T9) in slopes during 
freeze-thaw action are shown in Fig.4. Locations of measurement devices are illustrated in Figs.5 (a) and (b).  
Rainfall intensity was 100 mm/hr and was accurately simulated through use of a spray-nozzle. The rainfall from 
the slope bottom was mandatorily drained by a pump. Therefore, the mechanical behavior of slopes subjected to 
seepage due to rainfall was discussed. During model tests, the changes in deformation behavior, saturation degree 
and temperature were monitored using digital video cameras, soil moisture meters (sm1 ~ sm6) and thermocouple 
sensors, respectively. In particular, the deformation behavior was estimated according to the particle image 
velocimetry (PIV) analysis. Pore water pressure (pw1 ~ pw5) was simultaneously monitored. For all model tests, 
variation in the initial saturation degree for each position was within around 5 %. A series of model tests was 
performed until 3 hours or slope failure. According to the preliminary test, since slope failure was rapidly developed 
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Table 1 Index properties of samples 
 
 
  
Fig .3 Compaction curve of Komaoka volcanic soil                                    Fig .4 Changes in temperature during freezing and thawing 
 
Fig. 5 Slope shapes and locations of measurement devices: (a) no freeze-thaw action, (b) freeze-thaw action 
Sample name ȡs (g/cm3) ȡd in-situ (g/cm
3) ȡd max (g/cm3) ȡd min (g/cm3) wn(%) wL(%) wP(%) D50 (mm) Uc Fc (%)
Komaoka Embankment 2.47 0.94 (average) 1.12 0.76 43 - - 0.27 46.0 26.0~31.0
Komaoka Cut slope (depth: 0~20cm) 2.47 0.58 - - 65.1 70.1 NP 0.12 8.3 32.3~38.8
Komaoka Cut slope (depth: 20~60cm) 2.57 0.75 - - 55.1 32.8 23.2 0.20 25.3 29.7~39.7
Komaoka Cut slope (depth: 60cm~) 2.47 0.84 1.12 0.76 36 - - 0.27 46.0 26.0~31.0
Toyoura sand 2.68 - 1.63 1.37 - - - 0.18 1.5 0
wn : Natural water content, WL : Liquid limit, WP : Plastic limit, D50 : Mean grain size, Uc : Coefficient of uniformity, Fc : Finer content
after shear strain of 4 ~ 6 % was induced at the peak of saturation degree, therefore, the mechanical behavior at 
shear strain of 4 ~ 6 % was regarded as that at failure 8.  
3. Model test results and discussions  
Firstly, the effect of the difference in the initial water content on mechanical behavior of Komaoka volcanic slope 
without freeze-thaw action was investigated. Figures 6 (a), (b), (c) and (d) illustrate typical slope shapes after slope 
failure for each the initial water content. For the cases of lower water contents of 34 % and 38 %, it was found that 
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the first failure (Slip line 1) was generated at the toe of slopes, and then the second failure (Slip line 2, circular failure) 
was rapidly induced with an increase of pore water pressure (Test case 1 and Test case 2).  On the other hand, slope 
failure with circular slip was not confirmed for the case of high water content of w0 =43 %. Surface flow with gully 
erosion proceeded until the Slip line indicated in Fig.6 (c) for the case of high water content (Test case 3), and the 
elapsed time was 9,000 sec. (see Fig.6 (d)) when the model test was continued until the same depth as the slip line 2 
for w0 =34 % and 38 %. As shown in Fig.3, it is clarified that the optimum water content is 40.5 % in compaction 
curve. The difference in failure mode is also obvious from the changes in the development of saturation degree and 
in the excess pore water pressure 'u normalized by effective overburden pressure Vv0’ (see Figs.7 (a) and (b), Figs. 8 
(a) and (b)). For instance, pore water pressure for w0 =38 % is suddenly developed compared with that for w0 =43 %. 
Owing to the difference in the initial water content, slope failure with circular slip is induced for w0 =34 % and 38 %, 
 
Fig. 6 Failed shapes of model slopes: (a) w0=34% (side view), (b) w0=38% (side view), (c) w0=43% (side view), (d) w0=43% (cross view) 
  
Fig. 7 Changes in the degree of saturation during model test: (a) w0=38%, (b) w0=43% 
  
Fig. 8 Changes in pore water pressure during model test: (a) w0=38%, (b) w0=43% 
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and surface flow is generated for the case of w0 =43 % because the permeability generally decreases for higher water 
content over the optimum water content.  
Similarly, the effect of freeze-thaw action on mechanical behavior was clarified. Figures 9 (a) and (b) depict 
shapes of model slope for w0 =38 % with freeze-thaw process during model tests. For comparison of Fig.6 (b), it is 
apparent that there is the difference in the shape at the final slip line between both cases. For example, the depth of 
slip line with freeze thaw action is shallower than that without freeze-thaw action. This is also obvious from the 
deformation behavior (the distributions of shear strain at failure), as shown in Figs.10 (a) and (b). This fact implies 
that hollows caused by thawing generate loose structures in the frozen layer compared with before the freeze-thaw 
process. As a result, surface slope failure was induced for the frozen zone. A similar tendency was observed in the 
other water contents and volcanic soils9 and in field monitoring data on a cut slope in Hokkaido, Japan10.. 
Additionally, the developments of saturation and pore water pressure were almost the same as those without freeze-
thaw action; however the difference in the elapsed time until failure was clearly confirmed. For instance, the elapsed 
time subjected to freeze-thaw process was 1,350 sec. (failure), and was 2.7 times faster than that without its process 
(3,600 sec.) (see Fig.7 (a) and Fig.11), although the drawings on the behavior of pore water pressure were omitted.  
  
Fig. 9 Shapes of model slope subjected to freeze-thaw action (w0 =38%): (a) after slope failure, (b) before slope failure (at the initial stage) 
 
Fig. 10 Distributions of shear strain at the final slip line (w0 =38%): (a) no freeze-thaw action, (b) freeze-thaw action 
 
Fig.11 Changes in the degree of saturation of model slope subjected to freeze-thaw process (w0 =38%) 
Initial slope
Slip line
(a) (b)
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Figure 12 depicts the relationship between water content at initial w0 and at failure wf, based on a series of the 
model test results which performed under the same geometry and soil density of slope. As shown in the figure, there 
is a unique relationship between both water contents. The increment of water content at failure wf from the initial 
line becomes a steady state, although its relation varies by freeze-thaw action. For instance, the following expression 
can be also obtained;  
JE 0wwf                                                                                                                                                          (1) 
where E andJ are coefficients, for example these values are shown in Table 2. In a previous study8, similar 
tendencies were obtained in the case of which slope failure was generated despite of the differences of volcanic soils 
and of slope geometry. Therefore, it is possible to evaluate the slope failure due to rainfall and freeze-thaw action if 
such a relation can be obtained for the in-situ slope. Considering the results, slope failures can be predicted if the 
depth of frozen area and the water holding capacity in slope are estimated by monitoring an index property such as 
water content. However, the above results may change with inherent errors such as scale effect. In any case, further 
investigations in this direction are required.  
4. Construction procedures of a full scale- embankment and cut slope  
A failure mechanism of volcanic slopes was revealed using small-scale slopes, and a prediction method on failure 
was proposed. However, the above results may change with the increase of confining pressure because the changes 
in slip line and other mechanical behavior are predicted. Field monitoring was performed on a full scale- 
embankment and cut slope constructed using a volcanic soil to clarify soil behavior until slope failure, based on the 
above results of model tests. The monitoring site was located in Sapporo, Japan (North latitude: 42o 57’ 13”, East 
longitude: 141o 21’ 46”), as shown in Fig.1. A full scale-embankment slope was constructed using a road roller 
(weight of 5.88kN) by compacting the same soil material as that of model test so as to be more than the degree of 
compaction Dc of 85 % (the desired dry density is more than Ud =0.9 g/cm3) for each layer of 0.25 m. The number of 
roller compactions was 4 times for each layer. According to the in-situ tests, dry density and water content ranged 
from 0.904 g/cm3 to 1.310 g/cm3 and from 40.6 % to 43.0 %, respectively. The slope size was 5 m in height, 12 m in 
length, 2 m in width and the angle of 45o (see Fig.13 and Fig.14). After the construction of embankment, 6 pipes for 
water supply and 3 water tanks were set in order to generate freeze-thaw process under natural condition and to 
cause slope failure, as shown in Fig.13 and Fig.14. In this study, the embankment was divided into 3 sections (each 
4m in width). The amount of water supply for each section was around 35l/hr. (Section 1), 28l /hr. (Section 2) and 
14l/hr. (Section 3), respectively. Water supply was continued to April 16, 2012, except for winter months (from 
December, 2011 to March, 2012). In order to cause slope failure of the embankment subjected to stress histories 
(freezing and thawing, rainfall) under climatic conditions, water supply through the crown of embankment has been 
started using 3 sprinklers from May, 7 2012. The amount of water supply for each section was 1000 l/day. The field 
monitoring has been continued to date from September 26, 2011. Simultaneously, a full scale-cut slope was also 
                                                                                                                        Table 2 Coefficients of E and J 
                                                                  
 
 
 
 
Fig. 12 Relationship between water content at initial and at failure 
E J
No Freeze-thaw action 2.4 0.9
Freeze-thaw action 2.8 0.8
Komaoka
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constructed by cutting to the angle of 45o under the same geometric condition (5 m in height, 4 m in length and 2 m 
in width).  
The following instruments were adopted in order to monitor soil behavior and temperature in the air and in the 
embankment: 1) Soil moisture meter (Time Domain Reflectrometry type: TDR), 2) Thermocouple sensor, 3) 
Anemovane, 4) Snow gauge, 5) Rainfall gauge, 6) Accelerometer and 7) Tensiometer, as shown in Figs.15 (a) and 
(b). These instruments (sensors) were basically set up at each depth of 0.2 m until the depth of 1.5 m. The 
 
Fig. 13 Schematics of embankment and cut slope                                        Fig. 14 The whole view of embankment and cut slope 
 
Fig. 15 Locations of monitoring instruments (cross section): (a) embankment, (b) cut slope 
Table 3 Specifications of monitoring instruments 
 
5m
2m
4m
4m
4m
3m
45r
68r
[
\
]
Section1
㻺
Soil moisture meter               Tensiometer
Thermocouple sensor
Accelerometer 
Pipe for water supply
Sprinkler
Water tank
Natural 
slope
Embankment
Section2
Section3
1m
1m
0.5m
2䡉
Cut slope
Data logger, Anemovane,  
Snow gauge, Rainfall gauge 4m 4m 4m
4m
Embankment
Cut slopeSection1
Section2
Section3
Monitoring instruments Specifications Brands Models
1)Soil moisture meter Precision: +/- 0.003% vol, Reading Range: Oven dry to saturation Climatec, Inc䠊 CST-SM-Sensor-Pset-1.5
2)Thermometer Class A,  +/- 䠄0.15䠇0.002t䠅oC Climatec, Inc䠊 7 depths-20
3)Accelerometer +/- 4g,  Precision: 500+/-10% (mV/G) Microstone Co., Ltd. MA3-04AD
4)Anemovane Precision: 0.3m/s +/- 3deg, Reading Range: 0 to 100m/s Climatec, Inc䠊 CYG-5103
5)Snow gauge Precision: +/- 10mm or 0.4% FS, Reading range: 0.5 to 10m Climatec, Inc䠊 C-SR50A
6)Rainfall gauge Precision: +/- 0.5mm, Reading range: 20mm Climatec, Inc䠊 CTK-15PC
7)Tensiometer Precision: +/- 0.5%, Reading Range: 100cmH2O䡚-700cmH2O Climatec, Inc䠊 UNSUC CSK-5500AEL
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specifications of instruments are shown in Table 3. On the other hand, soil moisture meter and tensiometer were set 
up in the cut slope. Each data was collected within under the sampling period of 10 minutes. In this study, 
volumetric water content Tobtained from monitoring devices was converted by water content w by the following 
relation w= (Uw/U d in-situ) Twhere Uw and Ud in-situ are densities of water and dry soil, respectively. In later discussions, 
changes in water content will be mainly described. The details of other monitoring data were reported by11. 
5. Results on field monitoring of embankment and cut slope 
Figure 16 shows the changes in temperature in the embankment during field monitoring. During field monitoring, 
snow removing was carried out on February 7, 2012. In the figure, temperature for each depth varies through 
seasons, especially the value at a depth of 0 m (surface) ~ 0.2 m indicates less than 0 oC for winter months (from 
December, 2011 to March, 2012). Therefore, it is found that the slopes in the monitoring site are strongly affected 
by freeze-thaw action.  
Figure 17 depicts typical change in pore pressure at the depth of 0.6 m in the cut slope (from November, 2012 to 
August, 2013). Pore pressure indicates from -3kPa to -24kPa with changes in rainfall.  
     
Fig. 16 Changes of temperatures in embankment during monitoring               Fig.17 Changes in pore pressure in cut slope during monitoring 
  
Fig. 18 Changes in water content at the depth of 0.2 m, 0.4 m, 0.6 m: (a) embankment, (b) cut slope 
-10
-5
0
5
10
15
20
25
30
35
20
11
/1
0/
13
20
11
/1
1/
12
20
11
/1
2/
12
20
12
/1
/1
1
20
12
/2
/1
0
20
12
/3
/1
1
20
12
/4
/1
0
20
12
/5
/1
0
20
12
/6
/9
20
12
/7
/9
Te
m
pe
ra
tu
re
 (o
C
)
(Year/Month/Day)
12m
(front view) (side view)
depth
5.0m
1.5m
depth of  0.1m
depth of  0.2m
depth of  0 m
Snow removing
0
2
4
6
8
10
12
14
16
-45
-40
-35
-30
-25
-20
-15
-10
-5
0
20
12
/1
1/
13
20
12
/1
2/
13
20
13
/0
1/
13
20
13
/0
2/
13
20
13
/0
3/
13
20
13
/0
4/
13
20
13
/0
5/
13
20
13
/0
6/
13
20
13
/0
7/
13
20
13
/0
8/
13
A
m
ou
nt
 o
f r
ai
nf
al
l p
er
 h
ou
r (
m
m
/h
)
P
or
e 
pr
es
su
re
 (k
P
a)
depth of  0.6m
(Year/Month/Day)
Winter month
0
5
10
15
20
25
30
10.0 
15.0 
20.0 
25.0 
30.0 
35.0 
40.0 
45.0 
50.0 
55.0 
20
11
/1
0/
13
20
11
/1
1/
13
20
11
/1
2/
13
20
12
/0
1/
13
20
12
/0
2/
13
20
12
/0
3/
13
20
12
/0
4/
13
20
12
/0
5/
13
20
12
/0
6/
13
20
12
/0
7/
13
A
m
ou
nt
 o
f r
ai
nf
al
l p
er
 h
ou
r (
m
m
/h
)
W
at
er
 c
on
te
nt
, w
 (%
)
depth of  0.2m
depth of  0.4m
depth of  0.6m
Snow 
removing
Failure
Failure due to 
rainfall
(Year/Month/Day)
(a)
0
2
4
6
8
10
12
14
16
50
55
60
65
70
75
80
85
90
95
20
12
/1
1/
13
20
12
/1
2/
13
20
13
/0
1/
13
20
13
/0
2/
13
20
13
/0
3/
13
20
13
/0
4/
13
20
13
/0
5/
13
20
13
/0
6/
13
20
13
/0
7/
13
20
13
/0
8/
13
A
m
ou
nt
 o
f r
ai
nf
al
l p
er
 h
ou
r (
m
m
/h
)
W
at
er
 c
on
te
nt
, w
 (%
)
(Year/Month/Day)
(b)
depth of  0.2m
depth of  0.4m
depth of  0.6m
151 Shima Kawamura and Seiichi Miura /  Procedia Earth and Planetary Science  9 ( 2014 )  143 – 152 
Figures 18 (a) and (b) shows typical changes in water content at the depth of 0.2 m, 0.4 m, 0.6 m with rainfall 
(including water supply) in embankment and cut slope during monitoring. It is noted from the figures that water 
content increases with an increase of rainfall, although the changes in water content between embankment and cut 
slope are recognized. For comparison of temperature (see Fig.16), water content decreases with a decrease of 
temperature over the winter months. This means that water content is sensitive on the changes in seepage water and 
temperature.   
Thereafter, local failures in Section 3, Section 2 were observed on June 6, 2012 and on June 18, 2012, 
respectively. Figures 19 (a) and (b) demonstrate the aspects of a failed slope shape (Section 2). From the figures, a 
local failure with gully erosion is observed. In the comparison of results of model tests, the failure pattern is similar 
with that at the initial stage of the model test (see Fig.9 (b)). Thereafter, slope failure with large deformation was not 
generated for the full scale embankment due to the differences in boundary conditions (e.g., slope geometry and 
rainfall conditions). A similar local failure was also observed for the Section 3, the details of failure were described 
in previous study [11]. Soil samples were also taken from failed areas (see a star symbol) to investigate the changes 
in water content until the failure. As a result, the water contents in the failed slope ranged from 48.5 % to 63.3 %.  
Based on the above results of water contents at initial (at construction) and at failure, the validity of Eq. (1) was 
investigated (see Fig.12). It is noteworthy that the field data of w =48.5 % ~ 63.3 % (see star symbols) is around the 
failure line with freeze-thaw action for Komaoka volcanic soils. From the results, Eq. (1) may explain well the field 
data in a volcanic slope. For example, slope stability will be evaluated according to the following procedure, based 
on Eq. (1).  
(1) Estimate the line of water content, wf to cause slope failure.  
(2) Investigate the initial water content at the setting positions of measurement instruments such as soil moisture 
meters. 
(3) Monitor the change in water content due to the increase of rainfall or snow-melting water. 
(4) If the monitoring data of water content reaches into the predicted line shown in Eq. (1), the destabilization 
(failure) of the slope will be predicted. 
Therefore, it is possible to evaluate slope stability if such a relation can be obtained for an in-situ slope, and slope 
failure can be predicted if the water retention capacity in a slope is estimated by field monitoring.  
6. Conclusions 
On the basis of the limited amount of model testing and field monitoring conducted in this study, the following 
conclusions were derived. 
(1) Failure patterns of model slopes vary from a circular failure to a surface flow failure due to the difference in 
 
Fig.19 Failed shapes of embankment: (a) failed slope (photograph), (b) aspect of failed slope (3D) based on surveying 
1.8m
Section2
5.0m
(a)
(b)
4.0m
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water content between drier side and wetter side as the boundary of the optimum water content. 
(2) Evaluations of freeze-thaw action on soil behavior (seepage, deformation) and failure mechanisms of volcanic 
slopes are significant for cold regions. 
(3) Water content in the embankment and cut slope increases regularly with an increase of rainfalls, and then 
decreases with time in summer-autumn months. On the other hand, the variation depends on the effect of freezing 
and thawing process in winter months. As a result, evaluation of soil moisture is significant for evaluation of slope 
stability in all seasons. 
(4) It is possible to evaluate slope stability if a relation such as Eq. (1) can be obtained for an in-situ slope, and slope 
failure can be predicted if the water retention capacity in a slope is estimated by monitoring an index property such 
as water content. 
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